opportunity for gene expression profiling during progressive stages of hyperplasia, adenoma and tumorigenesis. This approach holds promise for the identification of relevant pathways and candidate genes as risk factors for adenoma formation, understanding mechanisms of progression, and identifying drug targets and clinically relevant biomarkers.
Genetics, Gene Expression and Bioinformatics of the Pituitary Gland
The study of single gene defects that lead to congenital pituitary hormone deficiency in mouse and man has uncovered a cadre of transcription factors that are involved in development of the pituitary gland and the transcription of hormone genes ( table 1 ) [1, 2] . Several of the genes identified in this manner belong to multigene families and some exhibit overlapping functions with related genes within the family, such as Pitx1 and Pitx2 , Lhx3 and Lhx4 and Sox2 and Sox3 [3] [4] [5] [6] [7] [8] [9] . This supports the hypothesis that additional related genes could contribute to a genetic predisposition for pituitary hormone deficien- Studies with individual mutants and double mutants have suggested that Pitx1 and Pitx2 have overlapping functions required for the activation of the LIM homeobox genes, Lhx3 and Lhx4 . These genes also have overlapping functions and are required for the maintenance of Hesx1 expression. Prop1 is critical for the timely suppression of Hesx1 expression, but the genes required for the initial activation of Prop1 transcription are not known. Prop1 is necessary for the activation of Pou1f1 , but the lag of several days between the detection of Prop1 transcripts and Pou1f1 transcripts suggests that additional genes are required to activate Pou1f1 . Pou1f1 is necessary for the expansion of precursor cells that give rise to cells producing Tshb , Gh and Prl . waning to barely detectable levels by e14.5, whereas Pou1f1 transcription is detectable at e14.5 and persists through adulthood [7, 13] . The distinctive lag time between peak Prop1 expression and the detection of Pou1f1 transcripts suggests that there are additional steps in the hierarchy of transcriptional control. Such gene(s) are candidates to investigate causes of panhypopituitarism in patients with features typical of PROP1 and POU1F1 mutations, but for which the molecular lesions remain elusive.
Lesions in Prop1 and Pou1f1 produce essentially indistinguishable phenotypes in adult mice, namely anterior pituitary hypoplasia, undetectable circulating levels of thyroid-stimulating hormone (TSH), growth hormone (GH) and prolactin (PRL) owing to a failure to produce the cells specialized in the synthesis and secretion of these hormones, and dramatically reduced gonadotrophin production, which can be corrected by thyroid hormone and GH replacement therapy [14] [15] [16] [17] . We selected these genes for the focus of our studies because they are more commonly mutated in patients with panhypopituitarism than any of the other genes discovered to date, and they are the first known genes in the genetic hierarchy that are pituitary specific in their expression [7, 13, [18] [19] [20] .
Despite the similar phenotypes in adult mutant mice, there are striking differences in the appearance of the pituitary glands of newborn mutants ( fig. 2 ). At birth, Prop1 mutants have a highly dysmorphic organ that probably arises from the failure of progenitor cells to undergo the transition from proliferation to differentiation. These cells maintain the appearance of flattened, tightly adhered cells instead of adopting the more rounded shape and loosely packed appearance typical of glandular cells, suggesting failure of the epithelial to mesenchymal transition. The changes in migration, cellular conformation and function in the presence of Prop1 suggests that pitu- itary cells may be regulated by analogous, though opposite, transformations typical of the planar cell polarity pathway [23] . In the absence of Prop1 , progenitor cells fail to migrate and colonize the anterior lobe, which results in fewer proliferation-competent cells in the anterior lobe at birth than is characteristic of normal mice [22, 24] . In addition, the Prop1 mutant pituitary gland shows signs of poor vascularization and enhanced cell death. In contrast, Pou1f1 mutant pituitary glands are indistinguishable from normal glands at birth and exhibit evidence of anterior lobe hypoplasia during the first weeks of life. These striking phenotypic differences in the pituitary glands of Prop1 and Pou1f1 mutants suggest that these genes have fundamentally different roles in organ development. Furthermore, these observations suggest that the identification of Prop1 target genes could reveal promising candidate genes for understanding additional cases of hypopituitarism that remain unexplained.
We have taken several approaches to identifying potential Prop1 target genes and genes expressed at the critical time of e12.5-e14.5 in mouse pituitary development. Our first forays utilized differential display and subtractive hybridization techniques [25, 26] . Limitations of these approaches are their relatively inefficient nature and the fact that they generate short clones, which are not useful for the validation of expression by in-situ hybridization or for functional studies. Nevertheless, these approaches were fruitful in uncovering some critical signalling pathways. We noticed an enrichment of clones in the canonical and non-canonical Wnt signalling pathways and pursued validation and functional studies with individual knockout mice to determine functional roles for these genes. This work revealed the important roles of Tcf7l2 (Tcf4) , Wnt5a and amino-terminal enhancer of split (Aes) [27] [28] [29] [30] . Although none of these genes are Prop1 targets, at least one candidate for growth insufficiency in humans arose from these studies, namely AES , also known as groucho-related gene 5 (GRG5) , which produces a protein that can bind to engrailed repressor domains and act as a co-repressor or de-repressor in a context-dependent manner [31, 32] . The role of Tcf7l2 in the suppression of pituitary growth suggests that the role of the human orthologue in pituitary adenomas should be explored.
We undertook the generation of full-length cDNAs from the developing pituitary gland and deep sequencing to provide a more complete picture of the pituitary transcriptome and to provide cDNA clones suitable for validation and functional studies [33] . In addition, we carried out subtractive hybridization using these full-length clones and methods that were technically advanced compared with our initial efforts [34] . Preliminary analysis has revealed that this approach was successful in uncovering potential Prop1 targets and candidate genes for pituitary hypoplasia. We report here the evaluation of the functional role of the empty spiracles homolog 2 gene (Emx2) in pituitary gland development and provide the results of a bioinformatic analysis that suggest candidate genes for involvement in the biological processes of cell proliferation, cell adhesion, cell migration and apoptosis.
Materials and Methods
We prepared RNA and cDNA from pituitary glands dissected from wild-type mice at e12.5 and e14.5, and from Prop1 mutants at e14.5 using techniques designed to maximize full-length cDNA clones [33] . In addition, two sets of subtractive hybridizations were carried out in order to enrich for potential Prop1 target genes. Details of this research will be published elsewhere [34] . One subtracted library was optimized for genes transcriptionally activated between e12.5 and e14.5 (e14.5 wild-type minus e12.5 wild-type) and the other enriched for genes dependent upon Prop1 for expression at e14.5 (wild-type e14.5 minus Prop1 mutant littermates at e14.5). Single-pass DNA sequencing was carried out from either the 5 or the 3 end on over 50,000 clones representing all five libraries approximately equally. We organized the sequences into a database searchable by gene name, RefSeq and Unigene ID, gene ontology (GO) terms and DNA sequence. Preliminary studies suggest that these gene identifications based on single-pass sequence analysis yield a 1-3% false identification rate (to obtain database access, contact Drs Camper or Lyons at scamper@umich.edu or boblyons@umich.edu).
Emx2 null mutants were kindly provided by A. Mansouri and P. Gruss from the Max-Planck-Institute, Germany, on a part 129/ Sv, part C57BL/6J genetic background [35] . They were generated by replacing the second and part of the third helix of the homeobox. For genotyping, a single forward primer, 5 CAC AAG TCC CGA GAG TTT CCT TTT GCA CAA CG 3 , was used for both alleles, and the reverse primer, 5 ACC TGA GTT TCC GTA AGA CTG AGA CTG TGA GC 3 , was used for the wild-type and 5 ACT TCC TGA CTA GGG GAG GAG TAG AAG GTG G 3 was used for the mutant sequence [36] . Mice for this paper were maintained at the Wellcome Trust Sanger Institute, Hinxton, UK, in compliance with UK Home Office requirements. Wild-type, heterozygous and homozygous null animals were collected from three separate litters at e16.5, fixed and sectioned for immunohistochemical analysis. Four embryos were examined for each genotype, and 10-12 sections were examined for each embryo. Immunohistochemistry, with antibodies specific for various pituitary hormones and transcription factors, was carried out as described previously [37] . 
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Results and Discussion
cDNA Libraries from Developing Pituitary Provide Transcriptome Information
We have created a searchable database of cDNA libraries representing a partial transcriptome of the developing pituitary that includes cDNA from e12.5 and e14.5 wildtype pituitaries and e14.5 pituitaries deficient for Prop1 [33] . This database has proven extremely valuable in aiding gene discovery efforts as we detail below.
Transcription Factors are Highly Represented in the Pituitary Transcriptome
Transcription factors comprised the largest class of genes we identified. Over 700 transcription factor genes were detected. Intriguingly, more than 40 of these transcription factors contained homeodomains. At least 12 of these homeobox genes have previously known roles in pituitary development, approximately 6 are known to be expressed in the pituitary gland but their functional roles in intact animals have not been studied directly, and over 20 were completely unexpected. Many of the novel homeobox genes detected in this analysis have been studied only in invertebrates. We present some examples of genes in each of these groups.
Zinc Finger Homeobox Genes
We found expression of two genes in developing pituitary glands, Zfhx3 and Zeb2 , which contain numerous zinc fingers in addition to homeodomain(s) (authors' unpublished data). Zfhx3 was originally named Atbf1 because it was identified as a factor binding to the alphafetoprotein enhancer, and it was recently discovered to bind the Pou1f1 early enhancer [38, 39] . Analysis of a hypomorphic gene trap allele demonstrated that this unusual protein, which contains 4 homeodomains and 23 zinc fingers, is necessary for robust expression of Pou1f1 , Gh and Tshb genes [39] . Zeb2 , formerly named Zfhx1b , is predicted to encode a multifunctional protein with a single homeodomain and eight zinc fingers that interacts with Smads and nucleosome remodelling complexes, acts upstream of Wnt signalling and effects expression of Sox2 and E-cadherin [40, 41] . ZEB2 was also detected in a screen for genes expressed in human pituitary adenomas [42] . Individuals with mutations in ZEB2 have MowatWilson syndrome, a dominant disorder characterized by a distinctive facial phenotype in association with mental retardation, microcephaly and short stature [43] . Neural crest-specific disruption in mice causes neurocristopathies that mimic Mowat-Wilson syndrome, but the aetiology of the short stature and the role of Zeb2 in pituitary development have not been defined [44] . Future studies may uncover a role for ZEB2 in pituitary function and growth regulation.
LIM Homeobox Genes
Several LIM homeodomain genes play important roles in pituitary development, including Lhx3 , Lhx4 and Isl1 [45] [46] [47] . We found a related gene, Lhx2 , represented by cDNAs in multiple developing pituitary cDNA libraries (authors' unpublished data). This gene was cloned based on its ability to bind an essential promoter element in the Cga gene, which encodes the alpha subunit of the glycoprotein hormones TSH, luteinizing hormone (LH) and follicle-stimulating hormone (FSH) [48] . The role of this gene in pituitary development has not been explored, although mice homozygous for a disruption of Lhx2 revealed important requirements for Lhx2 in multiple organs [49] . It will be intriguing to determine whether its role in the pituitary gland involves cell identity or the maintenance of growth and the undifferentiated character of progenitors, as has been shown in other organs, and whether there is any link to pituitary adenoma risk, given its role in myeloproliferative disorders [50] [51] [52] .
ADNP, a POU-Like Homeodomain Protein
Some of the homeobox genes we found in one or more of the five libraries were completely unexpected. An example is the activity-dependent neuroprotective protein gene (Adnp) , which encodes a POU-like homeodomain protein. Adnp -deficient animals die by e8.5-e9.5, making it unlikely that ADNP loss of function accounts for panhypopituitarism, but it is intriguing that some individuals with Okihiro syndrome are haploinsufficient for ADNP [53, 54] . Recent studies have shown that ADNP is bound to several members of the SWI/SNF chromatinremodelling complex and it is necessary for upregulation of Neurod1 , a gene important for corticotrope development [53, 55, 56] . Thus, future studies may uncover a basic role for ADNP in pituitary cell differentiation or maintenance [57] .
EMX2, a Potential Tumour Suppressor and Regulator of Progenitor Migration and Differentiation
The presence of Emx2 cDNAs amongst the pituitary libraries is unexpected and intriguing. Emx2 encodes a homeodomain protein that is required for the viability of mouse embyros and the development of multiple organs including the central nervous and urogenital systems [58] , yet its expression in the pituitary gland has not been previ-ously described. In humans, EMX2 is required for normal cortical development and brain function, and it has been implicated as a tumour suppressor due to the presence of EMX2 loss-of-function mutations in endometrial cancers [59] . In the brain, EMX2 regulates the transition from early neural progenitors to more mature cells that migrate out of the proliferative zone and differentiate into a variety of neural cell types [60] . This feature is interesting in light of the requirement for pituitary progenitors to migrate away from the lumen of Rathke's pouch and seed the anterior lobe with precursors for several different cell lineages [22, 24] . Another captivating potential parallel is the importance of several signalling pathways in pituitary development, including sonic hedgehog (SHH), beta-catenin, bone morphogenetic protein (BMP) and fibroblast growth factor (FGF), and the involvement of the same signalling pathways in the regulation of Emx2 expression [28, [61] [62] [63] [64] [65] . Taken together these findings suggest the possibility that Emx2 functions in pituitary ontogeny.
To explore the role of Emx2 in pituitary development, we compared pituitary morphology and the expression of pituitary hormones and lineage-specific transcription factors in normal and Emx2 mutant mice ( fig. 3 ) . We found no difference in the intensity or pattern of immunohistochemical staining for pro-opiomelanocortin (POMC) in the intermediate or anterior lobes of the pituitary gland, suggesting that differentiation of melanotropes and corticotropes has proceeded normally in the absence of Emx2 . Somatotropes and thyrotropes also appear unaffected, as immunostaining revealed no differences in expression of Pou1f1 or its dependent targets, GH and TSH beta, in normal and mutant mice. Finally, steroidogenic factor 1 (SF1 or NR5A1) is expressed equivalently in mutant and normal pituitary glands, suggesting that commitment to the gonadotrope lineage has occurred normally. While these results suggest that there is no essential role for Emx2 in pituitary ontogeny, its role in post-natal pituitary function or in pituitary adenoma risk still remains to be explored.
Signalling Pathways
Many signalling pathways have been implicated in early pituitary gland ontogeny. Most reviews of early pituitary development posit the hypothesis that opposing dorsal FGF signalling and ventral BMP signalling gradients establish domains of transcription factor expression that produce cell-specific differentiation of unique cell types. However, BMP4 is known to be required for induction of Rathke's pouch [47] , and it is produced in the ventral diencephalon, which is located dorsal to the developing pituitary primordium [62, 63] . FGFs are also produced in the ventral diencephalon and are required in a dosagesensitive manner for the stimulation of Rathke's pouch development [62, 63] . In the absence of these FGFs or their receptors, Rathke's pouch undergoes massive cell death resulting in extremely hypoplastic pituitaries [47, 66, 67] . We recently showed that the BMP antagonist, NOGGIN, plays an essential role in attenuating BMP activity in the ventral diencephalon during pouch induction, and that it is necessary to maintain a balance between BMP, Wnt, FGF and SHH signalling pathways [61] . Noggin is also expressed in the adult pituitary, where it may regulate the balance of BMP signalling that is known to promote prolactinoma formation, but which is also protective against corticotropinoma formation [61, 68, 69] .
We found over 100 genes involved in signalling pathways or in the interaction of signalling pathways in the developing pituitary libraries [33] . We found several BMP antagonists in addition to Noggin that are expressed in the developing pituitary gland [61] . These antagonists could be important in attenuating BMP activity in a temporally and spatially critical manner, as well as contributing to establishing or maintaining the appropriate balance between signalling pathways. We also detected the expression of several members of the Notch pathway (authors' unpublished data). This pathway appears to be regulated directly by Prop1 because Notch2 is not expressed in Prop1 mutants [70] . Moreover, some putative downstream targets of this pathway are important for normal pituitary development [71, 72] . Additional studies are necessary to explore the roles of these newly identified signalling genes.
Genes Involved in Proliferation, Apoptosis, Cell Migration and Cell Adhesion
Prop1 is required for the migration of precursors away from the lumen of Rathke's pouch, for the production of proliferating cells in the developing anterior lobe, and for invasion of the vasculature [22, 24] . The movement of precursor cells occurs concomitant with changes in cell adhesion and cell shape. The failure of these Prop1 -dependent processes is associated with enhanced cell death. We expected to find cDNAs in the developing pituitary libraries with GO terms relevant to the affected processes in Prop1-mutant mice. In fact, we found approximately 80 genes with the GO terms 'proliferation' and 'regulation proliferation', including some known oncogenes and tumour suppressors (authors' unpublished data). There were approximately 100 genes with 'apoptosis' as a GO term, 37 with 'cell migration', and 96 with 'cell adhesion'. These are catalogued in table 2 a, b. These cDNAs require DNA sequence verification and confirmation of expression by reverse transcription polymerase chain reaction, in-situ hybridization or immunohistochemistry as a basis for future functional studies.
Pituitary Adenomas
Pituitary adenomas are common, comprising 15% of intracranial tumours [73] [74] [75] . They tend to be slow growing, benign neoplasms. About one-third of pituitary adenomas are silent, coming to the patient's or physician's Most pituitary adenomas are sporadic and monoclonal. They often originate as hyperplasia that progresses to adenoma and have evidence of chromosome instability and aneuploidy [73] [74] [75] . Mutations that cause these sporadic adenomas are largely unknown. Although approximately 40% of acromegaly cases are caused by GNAS mutations that lead to excess GH production, the aetiology of most cases remains elusive. Mutations in the gene for aryl hydrocarbon receptor-interacting protein (AIP) have been reported to cause GH-producing adenomas in Finnish populations, and many laboratories are working to replicate this result in other ethnic groups and discover the mechanism whereby lesions in this gene could enhance the risk for acromegaly [77] . In addition, the aryl hydrocarbon receptor gene (Ahr) and Aip are present in our developmental database. Pituitary tumour transforming gene (PTTG) expression correlates with tumour size and invasiveness [78, 79] . It was discovered by differential gene expression and led to understanding the role of securin proteins in mitosis, which is relevant to many types of cancers [80, 81] . This suggests that expanded application of the differential expression approach could provide further insights into pituitary adenoma risk factors, biomarkers and treatments. As with Ahr and Aip , Pttg is represented in the developmental database, lending support to the idea that early developmental roles are recapitulated during tumorigenesis.
Gene expression studies have been carried out using human pituitary adenoma tissue, mouse pituitary tumour tissue and immortalized murine cell lines thought to represent different stages of differentiation [42, [82] [83] [84] [85] . An advantage of animal models is that the pituitary tissue is readily accessible at various stages during the progres- sion from hyperplasia to adenoma formation, and following treatment with hormones or drugs that suppress adenoma growth.
We developed two animal models that could be useful in identifying candidate genes involved in the progression to adenoma and growth suppression. Constitutive expression of Prop1 in transgenic mice produced a model with a low penetrance of adenomas. In this model, Prop1 expression was driven by the Cga promoter and enhancer sequences, plus an intronic element of the Prop1 gene that confers expression in the pituitary progenitor cells that line the lumen of Rathke's pouch [86, 87] . One transgenic line exhibits delayed gonadotrophin production and delayed puberty, but eventually achieves sexual maturation and fertility [88] . The genetic background and transgene integration site both appear to influence the penetrance of adenoma development in this model. On a mixed background, one line developed large nodules that did not express Prop1 , but fewer adenomas were observed after repeated backcrossing to C57BL6/J mice (authors' unpublished data). Recent studies show that female mice with the constitutive Prop1 transgene can develop GH, PRL, TSH and/or gonadotrophin-producing adenomas [89] . In contrast the Cga ( ␣ -Gsu) knockout mouse develops thyrotrope adenomas that are multifocal, very highly penetrant and responsive to thyroid hormone-mediated growth suppression [90] [91] [92] . We are in the process of using this model to uncover genes that are differentially expressed between normal and mutant mice at a variety of ages (authors' unpublished data). We expect that this approach could shed light on growth dysregulation in thyrotrope adenomas, which are rare, but very tenacious, recurrent and difficult to treat.
Conclusion and Future Directions
The deep sequencing approach we are taking is fruitful for the identification of individual genes and pathways that regulate pituitary development. We have proven that several genes discovered using this approach play important roles in pituitary development and function, and at least some of these are candidates for screening patients with panhypopituitarism. This approach can now be carried out in a less laborious manner using the new technologies that facilitate massively parallel DNA sequencing and bioinformatic analysis of the data using the complete genome sequence and dense annotation of genes. Pyrosequencing using the 454 genome analyser by Roche can produce 400,000 sequences of up to 250 nucleotides each in a single run [93] , and the Illumina (formerly Solexa) Genome Analyzer generates 100 million sequences, each approximately 25-35 base pairs, in a single run [94] . These and other new DNA sequencing technologies promise to provide information with ease and more depth than the traditional approach we report here. These new technologies should also enhance the identification of additional pituitary adenoma risk factors, biomarkers and drug targets. The clinical and therapeutic implications are summarized in table 3 .
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